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A COOLING-CORRELATION BQUATION FOR A DOUBIE-ROW TADIAL TNGINE

By Jeames M, Jagger end Fred O. Black, Jr,
SUMMARY

A cooling-correlation equation was obtained based on the average
temperature of the exhaust-valve seats of a large double-row radial
engine. The exhaust-vaelve seat was chosen as the basis for the correlation
because endurance tests hdave shown it to be the critical region of this
engine cylinder. From this correlation equation predictions may be made
of the cooling-air pressure drop required to cool the critical region of
the cylinders,

The accuracy of predicting engine cooling-air pressure-drop
requirements, based on the cooling correlation, was-substantially increased
when a modlfied carburetor was used.

INTRODUCTION

At the request of the Army Air Forces, Alr Technical Service Command,
tests have been conducted at the NACA Cleveland Iaboratory to improve the
cooling of a large double~row radial alrczaft engine. In comnectlon with
the progrem, a study has been made of the cooling characteristics of the
engine by the NACA cooling correlation method. (See referemce 1.) Cooling
correlations have previously been based on the temperatures of the rear
spark-plug boss and the rear sperk-plug gamsket. (See referemce 2.)

The exhsust~valve seat has been shown to be a critical region of the
rear-row cylinders, The initial fallure iln endurance tests made at
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excessive cylinder temperatures. was that of the exhaust-valve seat.
Operation at this condition resulted in burning of the exhsust-valve
seat and warping of the exhaust valve and the exhaust-valve gulde.

A cooling-correlation equation based un this critical cylinder
temperature was successfully developed. This correlation is compared
with one based on the temperature of the rear sperk~plug boss. Tests
were made with a modified carburetor and a stendard cerburetor; the
modified carburetor produced a more consistent relation between the
everage tempersture of all engine cylinders and the temperature of the
hottest cylinder.

ANATYSIS

The NACA cooling correlation method (reference 1) is used to present
the cooling characterlstics of the engine tested.

The correlation equation is of the form

x

L L} wxly :
S I G (1)
Te-Tn  ~ GapW ar /-

where

T, reference cylind.e:f-head temperature, °rp

Tq cooling-air stagnation temperature in front of englne, Op

Tg mean effectlve gas temperature, Op

C constant

We welght flow of engine charge air, pounds per second

o ratio of density of cooling air in front of engine to'densi{:y

of standard sea-level air

Ap cooling~-air pressure drop, inches of water
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' The mean effective gas temperature Tg . represents the mean gas

temperature effective in the transfer of heatfrom the combustion gases
to the cylinder head. With constant spark advance and exhsust back
pressure, Tg 1is principally dependent upon fuel-sir ratio and ths
temperature of the charge alr entering the cylinder and is represented
by the equation . )

Ty = Tggo + ATg S (2)

where Tgso is the mean effectlve gas temperature for a charge-air

temperature of g0° T wi thout supercharging and ATg represents the
variation of Tg with menifold-alr temperature T;. TFor a fuel-air

ratio of 0.08, a value of 1150° F is assumed for the reference mean
effective gas temperature of the cylinder heaed. (See reference 1,)

The relation has been empirically determined for the cylinder heads to be
epproximately

AT, = 0.8(T, - 80) (3)

The manifold~air temporature Tm 1s calculated from the carburetor

inlet-air temperature T, and the theoretical supercharger temperature

rise assuming no fuel vaporization, For the engine tested, the relation
is

’ 2
N
= T, + 19.8 \ L
=T *+19:8 | o007, ()
where N 1s the englne spoed, rpm.

In order to distinguish between the correlations presemted, the
subscript 1 refers to the correlation based on the average temperature of
the 18 exhsust~valve seats and the subscript 2 refers to the correlation
based on the average temperature of the 18 rear spark-plug bosses,

ENGINE TEST EQUIPMENT

The 3350-cubic-inch~displacement engine tested was fitted with a
cowling from a four—engine airplene and installed in an engine tesgt
stand., (See fig. 1.) The cooling-air flow was provided by an exhsueter,.
which reduced the pressure at the.rear of the englne, The combustion alr
was supplied by a blower to the ducting forward of the intercooler.
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The cylinder—head temperatures were measured by thermocouples, The
positions of the thermocouples used to measure. the tanperatures of the
exhaust~velyve seat and rear spark-plug boss are shown in figure 2. The
engine cooling-air pressure drop was obtained by taking the difference
between the dverage of five total-pressure measurements. on each front-
row cylinder and the average of three static-pressure measurements teken
at the rear of each rear-row cylinder., The position of these pressure
tubes on the engine cylinders is shown in figure 3.

TEST PROCEIVEE

Two series of tests were made to establish the correlation at a fusl-
_a.1r rat:Lo of 0.08 with the modified carburetor:

1. Cooling—air flow was varied while fuel~air ratio, carburetor-air
temperature,’ engine speed, and charge-air flow were held constent to
determihe the veriation of engine temperature with cooling-air flow,

2. Charge-alr flow was varied while fuel-alr ratio, carburetor-alr
temperature, engine speed, and cooling-air flow were held constant to
determine the variation of engine temporature with charge-eir flow,

In order to determine the effect of fuel-air ratio on mean effective
gas temperature, tests were made with the modificd and the standard
cerburetors at varlous fuel-air ratios, powers, and engine speeds at a
constant carburotor-alr temperature.

RESULTS AND DISCUSSI(N

Figuro U establishes tho relation betweon the cooling temperature
differential (T ~ Tg)/(Tg -~ Th) end the cooling-air pressure drop
oAp. The slopo of the cur¥e in figure 4(a) based on the temperature of
the exhaust-valve seat detcrmines tho exponent y]_ in the equation
. T . xl

E_ﬂhl_-._a_ =0 . o PRvC T (5)
el - Thl (olp)1
A similar curve is shown in figure 4(b) based on the temperature of tho

rear spark-plug boss. The slepe of this curve determines the exponent
¥o in the equation .

Th2 - Ty B R . .
'T—'N _ = 02 ———GAP)ya (6)
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A comparison of figures 4(a) end 4(b) shows that the temperature of the
critlcal reglon-of the-cylinder is less affected by. englne cooling-air
flow then 1s the temperature. of the rear spark-plug bosa, '

Figure H estsblishes the relatlon béetween the cooling temperature
differential (T - Tg)/(Tg ~ T,) and the welght flow of engine charge
alr Wg. The slopes of the curves in figure 5(a) and figure 5(b) determine
the exponents .X; and xo in equations (5) and (6), respectively. The :
slopes of the curves ln fignre 5 are essentlelly the same, which indicates
that the temperatures.of the criticel region of the cylinder and the rear
spark-plug boss are equally affected by the vieight flow of engine charge
air, .

When these exponents are substituted in equation (1) and the constents
evaluated, the cooling-correlation equetions (7) and (8) are determined
based on the average temperature of the exhasust~velve seat and the average -
temperature of the rear spark-plug boss, respectively,

s 0.20
'Thl Ta. "’W62-50> ' (7)
T——'—.Irhl—= Co576
gl - 57 \\O'Ap 7
179 o
T T /
22 = 0,500 _9__) (8)
g2 « “h2 \.obp .

A plot of equations (7) and (8) is presented in figure 6.

The variation of the reference meen effective gas temperature Tgg
with fuel~air ratio based on tests with the modified carburetor is shown
in figure 7. The reference mean effective gas temperature was calculated
by solving equations (7) end (8) for T, and then calculating the referemce

mean effective gas temperature Togy using equations 2), (3), and (4).

Similar curves showing the variation of the reference mesn effective gas

temperature with fuel-elr ratio, based on tests using the standard carburetor
ere shown in figure 8. ' '

Figures 7 and & gshow that the scatter of test results based on the
temperature of the exhaust—valve seat is less than the scatter when based
on the temperature of the rear spark-plug boss. Figure 7, based on results
obtained with the modified carburetor, shows the effect of improved fuel-~
alr-ratio distribution in that it closely spproximates unpublished single-
cylinder test data. The curves have a sharp peak at a fuel-air ratio of

approximately ‘0.068 and the range of stable lean engine operation has been
extended to a fuel-sir ratio of 0.052.
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APPLICATION OF RESULTS

Inasmuch as the correlation is based on the everage. temperature
of all engine cyl\niers,, whereas the most important temperature is
that of the hottest qylinder, it is necessary that accurate inform-
ation be available relating the temperature of the hottest cylinder
to the average temperature of all cylinders.

Flgure 9 shows- the difference between the temperature of the
hottest exhaust-valve seat and the averege temperature of the
exhaust~valve seats for all cylinders plotted sgainst fuel-air ratio
for each power condition investigated, A similar plot of the
difference between the temperature of the hottest rear sparlk-plug
boss and the average temperature of the reer spark-plug bosses for
all cylinders is given in figure 10. In addition to the data
obteined with the stendard end modified carburetors in the present
tests (engine A), umpublishea data are included from various
engines of the same model (B, C, and D) equipped with the standard
carburetor. These data indicate no consistent relation between
maximum and average cylinder temperatures for engines equipped with
the standard carburetor. The engine equipped with the modifled
carburetor, however, produced a conslstent pattern in repeated tests
and an accurate determination of the average temperature for all
cylinders mgy be obtained from a glven temperature of the hottest
cylinder,

Another important perameter required for cooling-correlation
predictions is the weight flow of engine charge air, The variation
of the brake specific alr consumption with fuel-alr ratio for various
engine operating conditions is shtwn in figure 1ll.

An sccurate determination of these parameters substantially
increases the accuracy of predicting engine cooling-alr pressure-
drop requirements based on the cooling correlation.

SUMMARY OF RESULTS
From test~stand results to détermine the covling correlation
of large double-row radial engine,with a 3350--cubic-inch displace~
ment, the followlng results may be summarized:

. 1. A satisfactory cooling correlation equation based on the
temperature of the exhsmst—~valve seat was obtalned.
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2. Improved fuel-air-ratio distribution to the engine cyl-
inders produced by the modified carburetor substantlally increased
the accuracy of predicting engine cooling-air pressure-~drop require—
ments based on the cooling correlation.

Alrcraft Engine Research laboratory,
National Advisory Committee for Aeroneautlcs,
Cleveland, Ohio, April 30, 1945,
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Figure |. - Test-stand instaliation of 3350—cubic—inch~
displacement engine fitted with cowling from four—engine
airplane,
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(a) Cutaway of cylinder.

Figure 2, -~ Location of thermocouples installed in cylinder.
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Right side view Rear view

(a) Static-pressure tubes on rear-row cylinder.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Front view Right side view

(b) Total-pressure tubes on front-row cylinder.

Figure 3. -~ Location of cooling-air pressure tubes installed
on cylinders.
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Figure 7, - Variation of reference mean effective gas temperature
Tggo with fuel-air ratio for cylinder heads obtained with
modified carburetor.
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